A new generation of an Earth system model now includes a number of land-surface processes directly relevant to analyzing potential impacts of climate change. This model, HadGEM2-ES, allows us to assess the impacts of climate change, multiple interactions, and feedbacks as the model is run. This paper discusses the results of centuryscale HadGEM2-ES simulations from an impacts perspective -specifically, terrestrial ecosystems and water resources -for four different scenarios following the representative concentration pathways (RCPs), used in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC, 2013(IPCC, , 2014. Over the 21st century, simulated changes in global and continental-scale terrestrial ecosystems due to climate change appear to be very similar in all 4 RCPs, even though the level of global warming by the end of the 21st century ranges from 2 • C in the lowest scenario to 5.5 • in the highest. A warming climate generally favours broadleaf trees over needleleaf, needleleaf trees over shrubs, and shrubs over herbaceous vegetation, resulting in a poleward shift of temperate and boreal forests and woody tundra in all scenarios. Although climate related changes are slightly larger in scenarios of greater warming, the largest differences between scenarios arise at regional scales as a consequence of different patterns of anthropogenic land cover change. In the model, the scenario with the lowest global warming results in the most extensive decline in tropical forest cover due to a large expansion of agriculture. Under all four RCPs, fire potential could increase across extensive land areas, particularly tropical and sub-tropical latitudes. River outflows are simulated to increase with higher levels of CO 2 and global warming in all projections, with outflow increasing with mean temperature at the end of the 21st century at the global scale and in North America, Asia, and Africa. In South America, Europe, and Australia, the relationship with climate warming and CO 2 rise is less clear, probably as a result of land cover change exerting a dominant effect in those regions.
Introduction
Previous projections of potential future vegetation indicate substantial susceptibility of ecosystems to biome shifts ( Fig. 1, Table 1 ). Five dynamic global vegetation models (DGVMs) and one equilibrium climate model project changes of the potential biome on 5-30 % of global land from ∼ 1990 to 2100 for a range of the CMIP3 General Circulation Model (GCM) runs of the IPCC SRES emissions scenarios (Scholze et al., 2006; Alo and Wang, 2008; Sitch et al., 2008; Gonzalez et al., 2010; Bergengren et al., 2011) . This is a similar order of magnitude to the 25 % change in global land cover from "natural" to "cultivated" over the period 1700-2000 (Ellis et al., 2010) . Time lags between greenhouse gas emissions or removals, changes in climate, and vegetation response commit ecosystems to change long before responses become manifest (Rosenzweig et al., 2008;  Jones et al., 2009) . Tropical forest, savanna, and treeless areas may exist as alternative stable states with tipping points related to precipitation (Hirota et al., 2011) . The variable skill of DGVMs to accurately simulate terrestrial vegetation, different biome classifications, and varying CO 2 fertilisation methods suggest caution in interpreting DGVM results. Projections generally agree on extensive poleward shifts of vegetation and degradation of tropical biomes, although the exact spatial distributions of various biomes differ substantially due to differences in GCMs, emissions scenarios, and vegetation models (Fig. 1) . Regional vegetation modelling results (Table 1 ; Jones et al., 2009; Scheiter and Higgins, 2009; Shuman et al., 2011; Hickler et al., 2012) are consistent with the global projections. Tundra, alpine, and boreal conifer biomes show the highest modelled vulnerability to biome shifts, due to high exposure and high sensitivity to warm temperatures. Such changes are becoming evident in Earth observation records, with a "greening" trend being seen in general across northern latitudes but with important regional differences (Goetz et al., 2007) . Temperate mixed forest shows high modelled vulnerability due to projected loss of coniferous species and thus conversion to temperate broadleaf forest. Tropical evergreen broadleaf forest generally shows low modelled vulnerability to biome shifts, with the exception of the Amazon. Some evidence indicates a higher resilience of rainforests from high-temperature tolerances and mitigation of water stress by increases in equatorial precipitation (Malhi et al., 2008) and the wide latitudinal ranges of woody plant species (Weiser et al., 2007) . Other evidence suggests higher vulnerability of tropical rainforests (Colwell et al., 2008; Bertrand et al., 2011) .
Previous studies have used climate projections driven by the SRES scenarios, sometimes focussing on specific levels of global warming. Although some assessments of global hydrological impacts have used runoff projections directly from GCMs (e.g. Nohara et al., 2006) , a more usual methodology for impact assessments is to use meteorological outputs from GCMs to provide climate change anomalies, which are imposed on a present-day observational climatology to provide climate driving data for impacts models. Although GCMs simulate the present-day patterns of global climate with some success, they nevertheless often feature systematic biases in some regional climates which can lead to unrealistic simulations of ecosystems and hydrology in some regions. Use of an observational climatology plus projected climate anomalies allows for more realistic patterns of impacts quantities at the present-day. It can also potentially address unrealistic constraints on projected changes, if, for example, dry biases in precipitation mean that further reductions are limited even if the atmospheric circulation changes suggest that they should occur. However, use of climate anomalies may violate conservation of physical quantities such as water, and also lead to inconsistencies between aspects of the climate system simulated in impact models separately from climate models.
While the GCMs used for climate impact assessment have generally been atmosphere-ocean GCMs, a parallel line of model development has involved the implementation of dynamic vegetation and biogeochemical feedbacks in GCMs to produce Earth system models (ESMs). Feedbacks from global vegetation change, for example, can have important impacts on projections of future climate change (e.g. Levis et al., 2000; Matthews et al., 2004) . The Earth system configuration of the 2nd Hadley Centre Global Environmental Model (HadGEM2-ES) has been designed for the specific purpose of simulating and understanding the centennial-scale evolution of climate including ecosystem and hydrological processes in a fully consistent manner. It is the first Met Office Hadley Centre (MOHC) Earth system model to run without the need for flux corrections. The previous MOHC climate model (HadGEM1) (Johns et al., 2006) did not include biogeochemical feedbacks, and the previous carbon cycle model in the Hadley Centre (HadCM3LC) (Cox et al., 2000) used artificial correction terms to keep the model state from drifting.
The inclusion of Earth system components in a climate model has a two-fold benefit. It allows an online consistent calculation of the impacts of climate change on atmospheric composition or ecosystems for example, which can be scientifically valuable in its own right (e.g. Jones et al., 2009) . The second benefit is that it allows the incorporation of biogeochemical feedbacks which can either be negative: dampening the sensitivity of the climate to external forcing; or positive: amplifying the sensitivity (Levis et al., 2000; Matthews et al., 2004) . Given the presence of these feedbacks, impacts of climate change on ecosystems and hydrology simulated within ESMs will be fully consistent with the overlying cli-mate, with any changes in surface energy and moisture fluxes associated with changes in vegetation and soil moisture continuing to conserve the surface energy balance and hydrological cycle. However, this may not necessarily be the case for ecosystem and hydrological impact studies carried out with models separate from the ESMs and using its meteorological outputs as inputs to their own separate calculations. Since HadGEM2-ES and other ESMs have been used to provide data for the 5th Coupled Model Intercomparison Project (CMIP5), they are likely to be widely used for driving models of ecosystem and hydrological impacts, and previous experience suggests that these studies will give a range of different results. Ecosystem and hydrological changes which are widely different from those projected by the ESMs themselves may therefore be less physically plausible if they are associated with significant departures from conservation of energy and moisture.
Integration of ecosystem and hydrological impacts within the Earth system model also allows other drivers of change to be included, such as anthropogenic land cover change. As well as affecting ecosystems directly, land cover changes can also affect climate and hydrology through changes in surface energy and moisture fluxes. Inclusion of land cover change as a driver of ecosystem change within the Earth system model therefore allows its impacts on climate, ecosystem, and hydrological changes to be simulated consistently. This is particularly important when using the Earth system model to examine the impacts of different emissions scenarios in which land use change contributes a key component of the emissions.
The current generation of dynamic global vegetation models generally focus on plant physiological processes as drivers of vegetation dynamics in response to climate change, and this is true of the vegetation model within HadGEM2-ES. However, vegetation disturbance also plays a critical role in affecting vegetation cover, and changes in disturbance regime may be a key aspect of climate change impacts on ecosystems. Fire disturbance may be particularly important (Li et al., 2000) , especially when human land use is potentially providing sources of ignition (Kloster et al., 2012) . In addition to land use being a direct impact on ecosystems, interactions between climate change and land use through fire may therefore also play a critical role. This paper has three aims:
1. To present the impacts of climate change on terrestrial ecosystems and hydrology simulated directly by HadGEM2-ES, for comparison against previous studies and to provide a reference against which other impacts studies using HadGEM2-ES meteorological outputs can be compared in order to assess potential plausibility in terms of consistency with the overlying climate. 3. How does a meteorologically defined forest fire danger change as a result of the projected climate changes?
Methods

The HadGEM2-ES Earth system model
HadGEM2-ES is an Earth system model based on the HadGEM2 atmosphere-ocean general circulation model , with additional representation of global-scale processes of biology and chemistry. The atmospheric resolution is N96 (1.875 • × 1.25 • ) with 38 levels, and the ocean resolution is 1 • (increasing to 1/3 • at the equator) with 40 levels. HadGEM2-ES has been used to simulate future climate change (Jones et al., 2010; Caeser et al., 2013) following a number of scenarios under the representative concentration pathways (Moss et al., 2010) .
Land-surface processes including plant physiology and the surface energy and moisture budgets are simulated with the 2nd version of the Met Office Surface Exchange Scheme (MOSES II; Cox et al., 1999; Essery et al., 2003) . Some improvements have been made compared to previously published versions of MOSES II in order to improve the simulation of global carbon cycle processes (Collins et al., 2010) , including improved representations of deep soil moisture (Clark and Gedney, 2008) , wetlands (Gedney et al., 2004) , and penetration of light into vegetation canopies (Mercado et al., 2007) . MOSES II also includes large-scale vegetation dynamics simulated by TRIFFID (Cox, 2001 ) -the global patterns of vegetation are simulated within the Earth system model, with vegetation represented by 5 plant functional types (PFTs): broadleaf tree, needleleaf tree, C3 grass, C4 grass, and shrub. These PFTs compete with each other on the basis of competition rules and the net carbon uptake of each PFT simulated within the land-surface scheme closely coupled with the water budget. Natural disturbance is prescribed by a uniform disturbance rate -there is no representation of the effects of climate on disturbance regimes such as fire, windthrow, disease, or insect attack, and neither is there any explicit representation of herbivory. The implicit assumption in the model, therefore, is that natural disturbance regimes remain constant over time. This may be a limitation of the model when used in climate change studies, as will be discussed below. Anthropogenic land use is simulated through the imposition of a "disturbed fraction" which designates a specific fraction of the grid box as unavailable to tree and shrub PFTs -all agricultural land including croplands is therefore represented as either C3 or C4 grass, depending on which is simulated to grow best under local climate conditions.
In addition to the plant functional types, each grid cell includes a prescribed fraction of lakes, ice, and urban areas that do not vary.
The physical properties of the land surface, such as albedo, aerodynamic roughness, and factors affecting moisture availability for evaporation, are directly affected by the PFT distribution and the simulated leaf area index (LAI) of each PFT and the fractional cover and physical properties of the ice, water and bare soil portions of the grid box; this means that changes in vegetation cover directly influence the climate through the surface energy and moisture budgets.
A key feature of HadGEM2-ES and other Earth system models is that terrestrial ecosystems and hydrology are tightly coupled. Changes in vegetation cover, either in response to climate change or anthropogenic land use, affect surface evaporation and transpiration rates, with consequent implications for soil moisture and surface and sub-surface runoff. The strength of the effect of land-surface conditions on surface moisture fluxes varies from region to region and between models (Koster et al., 2004) . Vegetation responses to increasing CO 2 concentrations also affect the hydrology through changes in transpiration, with higher CO 2 concentrations generally resulting in decreased transpiration and increased runoff (Betts et al., 2007) . Total runoff is routed to the oceans using the TRIP global river model (Oki and Sud, 1998) , which simulates river flows through a network resolved on a 1 • × 1 • grid. The simulations of terrestrial ecosystem distribution and river flows in HadGEM2-ES are therefore fully consistent with each other and with the overlying climate. Changes in vegetation and hydrology therefore involve the same changes in evaporative fluxes, which is often not the case when these two impacts of climate change are studies separately. Moreover, changes in evaporation and precipitation will be consistent, and conserve water in the global hydrological cycle. Simulations of hydrological impacts of climate change with models separate from GCMs and using climate model anomalies applied to observed climatologies may involve evaporation calculations which are different to those in the driving climate model, and hence may be inconsistent. This may lead to biases in the long-term trend; for example, if a hydrological model simulates a greater fraction of precipitation to be returned to the atmosphere as evaporation with less available for runoff and river flow, this is not available for increasing atmospheric moisture in the climate model, so water is lost from the system. A fully coupled system as used here, and in other modelling systems (e.g. D. M. allows important processes such as the global water cycle to obey physical laws of conservation.
The trade-off with this approach is that biases in the regional climate patterns in the climate model may be reflected in less realistic simulations of ecosystem and hydrological states at the present day. Therefore, the model results used here should still be regarded as somewhat indicative. Nevertheless, they may provide some insight into the implications of climate and land use change for terrestrial ecosystem and hydrological impacts in a fully internally consistent system.
Under present-day forcings of greenhouse gas and aerosol concentrations and anthropogenic land use disturbance, HadGEM2-ES simulates global patterns of vegetation with some success . The major forest zones of tropical and boreal forests are simulated, with the main exception being the deciduous needleleaf regions of eastern Siberia. Here, the model features shrub cover instead of trees, because the model does not include cold-deciduous phenology in the needleleaf tree PFT, and evergreen needleleaf trees are not viable in the cold conditions of this region. Other boreal forest areas are realistically located but do not extend far enough northwards. Tropical forests of South America and Africa extend too far into savanna regions -this may be because fire disturbance is not included in the model. Forest cover is also too extensive in South East Asia. Some instances of over-extensive forest cover may be due to shortcomings in the imposed disturbed fraction, such that human land use is not accurately represented. Shrublands, grasslands, and deserts are simulated in the appropriate regions of the South America, Africa, and central Asia, although deserts are slightly too extensive at the expense of grass and shrub. In Australia and North America, semi-desert regions are simulated with too little shrub and too much bare soil.
Wildfire is not represented in the model, but may play a key role in future ecosystem change driven by climate or land use change either individually or in combination. To assess whether the HadGEM2-ES projections of ecosystems change may be omitting an important process, we obtain a first-order indication of the implications of the climate changes projected by HadGEM2-ES for wildfire risk. We use daily meteorological outputs from the model to calculate the McArthur Forest Fire Danger Index (FFDI: McArthur, 1973; Noble, 1980) following the method previously used with the HadCM3 model over Amazonia (Golding and Betts, 2008) . Daily meteorological data are used to calculate the index, but the analysis presented here will focus on annual means of the FFDI in order to provide a first-order assessment of change. Although the McArthur index has been designed for use in Australian forest ecosystems and hence may not translate perfectly to other global ecosystems, at the broad scale it provides indications of relatively high and low fire dan- ger which are generally comparable with other methods. We therefore consider it useful as a first-order indicator of relative changes in global patterns of fire risk.
Future projections: scenarios of greenhouse gas and land use changes
The HadGEM2-ES simulations described here were forced with projected greenhouse gas and aerosol concentrations and land use changes, representing the combined effect of human activities on the climate system. Although HadGEM2-ES includes a global carbon cycle model and hence can be driven by scenarios of CO 2 emissions in order to calculate atmospheric CO 2 concentrations within the model, the simulations described here were driven by prescribed CO 2 concentrations from the representative concentration pathways (RCPs) as part of the 5th Coupled Model Intercomparison Project (CMIP5; Taylor et al., 2012) (Fig. 2) . The model also used the RCP scenarios of changes in other anthropogenic greenhouse gases such as methane, nitrous oxide, and halocarbons, and anthropogenic aerosols such as sulfate and black carbon. Alongside the RCP scenarios of emissions and concentrations of greenhouse gases and aerosols, scenarios of anthropogenic land use have also been developed which are consistent with the emissions scenarios (Hurtt et al., 2010) . The land use includes changes in crops and pasture areas, wood harvesting, and land which is recovering from previous human activities ("secondary" land).
The four RCP scenarios share the same historical land use and land cover changes as reconstructed by the HYDE 3.1 project (Goldewijk, and van Drecht, 2006) . The fraction of global crop and pasture areas begins to grow from levels of less then 10 % in the early 1800s to about 25 % in 1950 (Hurtt et al., 2010) . The earliest managed areas are in Europe, North America, East Asia and India followed by South Africa, Australia and South America. Between 1950 and 1960 there is a sharp increase in global crop and pasture areas when a larger proportion of the natural vegetation is being managed in the above regions, and in new areas in Central Asia, Central America, and Africa. Between 1960 and 2005 the managed area fraction in Asia, Africa, and South America is still increasing while it is largely stabilised or slightly decreased in North America, Australia, and Europe where secondary land is left to recover from human activities.
From 2005, the different RCPs are following their own estimates of land use. In the "no-policy" (RCP 8.5) and the "overshoot and decline" (RCP 2.6) pathways, the global managed area continue to increase throughout the 21st century (Fig. 3 ) mainly in Africa, Central and South America and Australia. In the two other scenarios (RCP 4.5 and RCP 6.0), the global fraction of managed area is decreased with large-scale recovery over northern America, Europe and western Asia (RCP 4.5) and over Central and South America, Africa, and Australia (RCP 6.0) (with some increase in India and East Asia). These four future land use projections were then harmonised and smoothly linked to the historical reconstructions (Hurtt et al., 2010) , and are now in use in Earth system models for assessing the impacts of land cover change on climate (e.g. P. J. .
Implementation of land use changes in HadGEM2-ES
The projected land use change scenarios accompanying the different RCPs were used to drive changes in land cover in HadGEM2-ES in addition to the model's own simulation of natural vegetation responses to climate change. HadGEM2-ES does not explicitly represent crop and pasture; instead, the simulations were forced with a time varying fraction of the managed vegetation, taken as the sum of the projected crop and pasture (but not the wood harvest) data from the Hurtt et al. (2010) data set. In this "human managed" fraction of each grid cell, trees and shrubs are excluded, allowing the model to grow grasses, which represent the managed land . The land use scenarios accompanying the RCPs result in very different patterns of change in anthropogenic disturbance over the 21st century (Fig. 3) . The scenarios of greatest and least anthropogenic greenhouse gas emissions, RCP8.5 and RCP2.6 respectively, are both accompanied by scenarios of increasing ecosystem disturbance. RCP8.5 is accompanied by expansion of croplands for food, while RCP2.6 uses major areas of land for bioenergy crops as part of the climate change mitigation strategy in order to avoid global warming exceeding 2 • C relative to pre-industrial. RCP4.5 is accompanied by a global reduction in agricultural land by 2100 compared to the beginning of the 21st century, and RCP6.0 sees similar reductions in South America, Africa, and western Asia, but increased disturbance in South and South East Asia and little change in Europe and North America. 
Results
Climate change
Global mean temperature increases under all RCPs over the 21st century (Fig. 4a) , although in HadGEM2-ES, RCP2.6 gives a peak warming of 2 • C relative to pre-industrial in the middle of the century and then a slight gradual decline thereafter. RCP4.5 stabilises at approximately 3 • C from the 2070-2099 onwards, while RCP6.0 continues warming to approximately 3.5 • C by the century and RCP8.5 reaches approximately 5.5 • C. The global mean temperature rises of the different RCPs are largely indistinguishable from one another until the 2030s, especially when natural internal variability is taken into account. RCP2.6 and RCP8.5 begin to diverge noticeably from the other two RCPs in the middle of the century, and RCP4.5 and RCP6.0 remain similar to each other in terms of global mean temperature until the 2070-2099.
Global mean precipitation shows a similar response (Fig. 4b) , increasing by approximately 2 % by 2100 under RCP2.6 and nearly 6 % by 2100 under RCP8.5. Natural internal variability is larger for precipitation than temperature, and consequently the differences between the RCPs emerge later for precipitation.
Warming is projected across all regions of the globe by the end of the century for all RCPs (Caeser et al., 2013) , with greater warming over land and in the Arctic in common with other climate projections (see, for example, Meehl et al., 2007) . The geographical patterns of precipitation change are more complex, with some land regions projected to experience increased annual mean precipitation while others are projected to see a decrease (Fig. 5) . Broadly the patterns of precipitation change projected by HadGEM2-ES are consistent with the average changes of models assessed in the IPCC 4th Assessment Report (Meehl et al., 2007) although it should be noted that the level of agreement between models varies considerably from region to region, even for the sign of the precipitation change (Christensen et al., 2007) . This paper focuses on the climate changes projected specifically by HadGEM2-ES, which may differ from other models in some regions.
Changes in terrestrial ecosystems
In the boreal and temperate regions, HadGEM2-ES simulates shifting patterns of broadleaf tree, needleleaf tree and shrub under all 4 RCPs, with a general poleward shift of all three of these PFTs (Figs. 6, 7, 8 ). Fractional cover of needleleaf tree increases by approximately 50 % in a region approximately two grid boxes wide along the northern edge of the boreal forests, while decreasing along the southern edge of the present-day needleleaf tree zone. Along the northern edge, shrub cover decreases by 10-30 % as it is outcompeted by needleleaf tree, but increases by 10 % or more from about 
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• N and northwards in eastern Russia, Canada and Alaska. Along the southern edge of the boreal forest, broadleaf tree cover increases where needleleaf tree decreases, indicating a shift in the competitive balance of the two PFTs. All these changes are consistent with a warming climate, with shrub growth increasingly favoured in current sparsely vegetated areas to the far north, but being outcompeted by needleleaf trees further south -which themselves are outcompeted by broadleaf trees even further south. Although the changes in boreal and temperate forest and tundra regions are broadly similar under all RCPs, there are also specific differences in RCP4.5 compared to the other RCPs; in RCP4.5 there is an increase in both broadleaf tree and shrub cover in the eastern USA and eastern Russia, and also an increase in needleleaf tree in eastern Russia. This arises from a reduction in anthropogenic disturbance in the land use scenario in RCP4.5 (Hurtt et al., 2010) .
Taking northern Europe as an example, the different roles of climate change and land use can be seen. Land use plays little role in RCPs 6.0 and 8.5 (Fig. 9) , with average disturbance being unchanged across the 21st century. In RCP2.6, disturbance increases slightly as a consequence of increased use of land for bioenergy crops. In contrast, disturbance decreases significantly in RCP4.5. There is an overall increase in broadleaf tree cover and an overall decrease in needleleaf tree cover, in all RCPs -the northward expansion of needleleaf tree cover is more than offset by being outcompeted by broadleaf tree further south, consistent with a warming climate. However, climate warming is clearly not the only influence, as the European average increase in broadleaf tree cover is similar in RCP4.5 (with a global warming of approximately 3 • C by 2100 relative to pre-industrial) and RCP8.5 (with a global warming of approximately 5.5 • C by 2100 relative to pre-industrial). Although RCP8.5 sees a greater poleward expansion of tree cover, RCP4.5 sees tree cover returning to former agricultural areas as croplands shrink.
Average needleleaf tree cover in Europe declines in all RCPs, with the smallest decline being in RCP4.5 as a result of regrowth in former agricultural regions (alongside broadleaf tree cover) partly offsetting declines due to competition from broadleaf tree in undisturbed areas. In other scenarios, RCP8.5 shows a slightly greater decline consistent with the larger climate change. The needleleaf tree decline in RCP2.6 and RCP6.0 despite large climate change in the latter, because RCP2.6 includes an expansion of land use.
Average shrub cover change in Europe is again dominated by land use change, with increases over most of the 21st century being seen in RCP4.5, but a small decline beginning towards the end of the century. Again this is consistent with regrowth of shrub in with needleleaf and broadleaf tree in area of former cropland. RCP2.6 shows a small decline in shrub cover, slightly more than RCP8.5 and RCP6.0, again consistent with expanding land use.
In the tropical forests, changes in broadleaf tree cover vary greatly between the different RCPs, with land use playing a major role. RCP2.6 (the scenario with smallest CO 2 rise and least global warming) sees widespread reduction in broadleaf tree cover in almost all tropical forest areas in South America, Africa and South East Asia by the end of the 21st century (Fig. 6) ; only a small region in the north of the central African rainforest sees increased broadleaf tree cover. Most of the declines in forest cover are due to expansion and intensification of agriculture across these regions, including a large increase in bioenergy crops. RCP8.5 also shows extensive declines in broadleaf tree cover in the tropics, again with expansion of land use being a major driver. Some areas of north and west central Africa and north-west Amazonia see increased broadleaf tree cover, where anthropogenic disturbance does not take place in this scenario. Under RCP6.0, the model simulates increased broadleaf tree cover across the central African rainforest and neighbouring savanna regions, and increases in a number of areas in South America except for Amazonia -broadleaf tree cover decreases in eastern Amazonia, and remains largely unchanged in the west. South East Asian broadleaf tree cover declines in RCP 6.0 as in RCP8.5 and RCP2.6. Only in RCP4.5 does South East Asia see increased broadleaf tree cover; in other regions the signal is mixed, with both increases and decreases being seen in different regions of Africa and South America, including in increase in western Amazonia and a decrease in the east.
Despite the clear dominance of land use as the main driver of tropical forest change in these simulations, climate change may cause conditions to tend towards being less favourable for rainforest in Amazonia because annual mean rainfall is projected to decrease across this region (Fig. 5) . However, the impacts of climate change alone on broadleaf tree in this model do not appear to be major by 2100, even in Amazonia where a previous version of the Met Office Hadley Centre Earth system model (HadCM3LC; Cox et al., 2000) simulated very widespread die back of the forest due to climate change alone Betts et al., 2004) . HadCM3LC also included the TRIFFID vegetation model, but the version of TRIFFID in HadGEM2-ES features some small further development. In an idealised HadGEM2-ES simulation with a 1 % per year increase in CO 2 concentration, although the regional climate of Amazonia became drier and hotter and hence approached less favourable conditions, the impact on broadleaf tree cover was minimal (Good et al., 2013) . To focus on northern South America (including Amazonia and surrounding regions) as an example, Figs. 6, 8 and 10 show very different projected changes in broadleaf tree and shrub cover under the different RCPs. Decreased tree and shrub cover is seen under RCP8.5 and RCP2.6, the scenarios with greatest and least global warming but both with ongoing expansion of agriculture (Fig. 10) . Both of these RCPs project similar rates of decline until approximately the 2070s, despite RCP 8.5 featuring a greater increase in land use. This may be due to greater CO 2 fertilisation in RCP8.5, as the CO 2 rise continues to accelerate until the 2070s, whereas in RCP2.6 the CO 2 rise slows then peaks at approximately 450 ppm mid-century, and gradually declines thereafter. CO 2 fertilisation initially enhances NPP in this model, but the effect saturates -the slight acceleration of forest loss after 2070 in RCP8.5 compared to RCP2.6 may therefore reflect the lack of further benefits of CO 2 fertilisation at high concentrations, or the beginnings of some climate effects in parts of the region.
In contrast, RCP4.5 and RCP6.0 both project an overall increase in broadleaf tree and shrub cover on average across northern South America, accompanying a decrease in the overall land use area.
Additional simulations with disturbance fixed at the initial state confirm that land use is the main driver of forest cover change in northern South America in HadGEM2-ES, both over the 20th century and the 21st century (Fig. 11) .
At the global scale, land use is the dominant influence on tropical and temperate forest cover in these model projections over the 21st century, as it has been over the 20th century. When disturbance is fixed at the 2000 state, RCP2.6 results in a small increase in broadleaf tree cover, and RCP4.5 and RCP8.5 give slightly larger increases (Fig. 12) . When disturbance follows the RCP-related land use scenarios, global broadleaf tree cover increases further in RCP4.5 due to reduced disturbance, but decreases further in RCP8.5 and still further in RCP2.6. In HadGEM2-ES driven by the RCP land use scenarios, the greatest loss of broadleaf tree cover occurs in the scenario of early peak and decline of greenhouse gas emissions, because of the role of land use in climate change mitigation.
Fire risk
The vegetation model in HadGEM2-ES does not include a representation of wildfire; it merely assumes a uniform natural disturbance rate. Hence the responses to climate change described above are entirely due to changes in the relative competitiveness of different PFTs as a result of net carbon uptake, through changes in photosynthesis or respiration. However, changes in disturbance regimes may be a crucial aspect of ecosystem change in response to climate change, so the changes simulated by HadGEM2-ES may not represent the full impact of climate change on ecosystems. In order to assess the potential implications of this, we use meteorological variables from HadGEM2-ES to calculate the McArthur Forest Fire Danger Index (FFDI) which is an indicator of the severity of wildfire in forest ecosystems and the difficulty of fire suppression.
Global simulations of FFDI cannot be validated directly as it is not a quantity which is observed; it is an empirical combination of several meteorological variables including temperature, humidity, and windspeed. The global FFDI simulation can however be compared qualitatively with satellite observations of burnt area (Fig. 13) to assess whether the model is producing credible patterns of fire risk in terms of areas of relatively high or low risk. Comparison of the present-day FFDI simulation from HadGEM2-ES (Fig. 14a ) with observed burnt area (Fig. 13 ) suggests that the model is indeed capturing the differences in fire activity within the tropics; for example, a relatively large fraction of burnt area is observed in African savanna regions, and high FFDI is simulated in these regions. In contrast, low observed burnt area and low simulated FFDI are seen in rainforest regions. In western Asia, high FFDI is simulated in regions where high burnt area is seen. However, in temperate and boreal forest regions, patterns of simulated FFDI and observed burnt area do not match, and the variations in burnt area are more closely aligned to patterns of forest cover rather than FFDI. The susceptibility of the landscape to fire and the influence of humans on either ignition or fire suppression are key factors. Hence the simulated changes in FFDI should not be interpreted as predictions of changes in fire activity; instead, they merely give an indication of the implications of simulated changes in weather conditions for the risk of fire. Actual fire activity will depend on other factors such as vegetation cover and type, fuel availability, natural ignition sources, and direct human influence through ignition or fire suppression.
Globally, HadGEM2-ES simulates a general increase in FFDI under all RCPs by the end of the 21st century, with greater increases at higher levels of global warming (Fig. 14) . Under RCP2.6, FFDI increases by approximately 4 units in Europe, western and central USA, eastern and central Brazil, western Asia, central and southern Africa, and most of Australia. This is generally not sufficient to change the annual mean severity assessment of fire risk, although the change may not be uniform throughout the year -changes may be larger or smaller at seasonal or sub-seasonal scales. Annual mean FFDI decreases of a similar magnitude are simulated in northern India and a small region of central Argentina under RCP2.6. Under RCP8.5, HadGEM2-ES simulates widespread increases in FFDI. Relatively small increases are simulated across most of North America except for the far north of Canada and Alaska, and similar increases are seen across Europe and western and central Asia except for the far north and desert regions. Most of Africa, except for deserts, also sees a simulated increase in FFD, as do most of South America and Australia. Areas of large increase in FFDI (more than 12 units) include eastern Amazonia, southern Africa, west and central Australia, and southern Europe. In some regions the simulated FFDI moves into very high or extreme categories, which would indicate difficulty in controlling fires. Again, it should be noted that this analysis refers to annual mean values -seasonal or daily values are expected to be lower or higher at different times of the year.
Although HadGEM2-ES simulated an expansion of woody vegetation in many regions in all RCPs, this did not include the effects of changes in fire disturbance. The large increases in FFDI in some regions under RCP8.5 suggest that the HadGEM2-ES projections of increased woody vegetation cover may not necessarily be reliable. Further work is required to assess the importance of potential future changes in fire regime for large-scale ecosystems, considering both climate and human drivers.
River flows
TRIP within HadGEM2-ES simulated river flows at individual grid points (Fig. 15) , routing the flows across the grid to river outflow points. The simulated river flows can be compared with a data set of present-day river flows from gauging stations (Fig. 16 ) to evaluate the model performance. Here, modelled river flow is compared against downstream gauges from Dai et al., (2009) . To account for biases relating to a mismatch in drained area in the coarse global data set used in HadGEM2-ES the simulated riverflow data is re-weighted to the drained area given in Dai et al. (2009) .
Model performance for individual gauging stations varies, with simulated river flows being too high at some stations and too low at others, and overall the model bias is more towards the low side (Fig. 16) . For the largest river (the Amazon), the simulation agrees with observations within 1 %, and for many other large rivers the agreement is within 10-30 %. Percentage differences are generally larger for smaller rivers, as the influence of local precipitation biases becomes relatively more significant.
The global total river flow is simulated to remain approximately constant over the 21st century under RCP2.6, with some decadal variability (Fig. 17) . Under other RCPs, simulated global river flow generally increases over the 21st century, with the final increase at the end of the century being larger at higher levels of global warming. However, the relative global runoff increase in the different RCPs varies over the century; while RCP8.5 consistently gives the largest increase in runoff, RCP4.5 results in larger increases than RCP6.0 until the 2070s. It is noted that the global mean temperature projections in RCP4.5 and RCP6.0 also remain similar until that time, with a slightly larger warming in RCP4.5 than RCP6.0 in the mid-21st century.
Similar results are seen at continental scales in Africa, Asia, and North America (Fig. 18, Table 2) , with a general increase in runoff by the 2070-2099 which increases with the level of global warming at that time. However, as with global runoff, the differences between RCPs are not consistent over the 21st century -for example, in North America, the largest increase in runoff by the 2040-2069 is simulated in RCP2.6. Continental river outflows in Australia, Europe, and South America show no consistent relationship with global warm- ing or RCPs either over time or across RCPs (Fig. 18 , Table 2).
Consistent geographical patterns of projected river flow change can be seen across the 21st century and across all RCPs in many regions (Fig. 19) . To first order, the geographical variations in river flow change are consistent with those in precipitation (Fig. 5) . The increase in global mean precipitation over the century is probably the primary driver of the global river flow increase, although it is noted that the HadGEM2-ES land-surface scheme simulates increased water use efficiency of vegetation under higher CO 2 concentrations which partly offsets increases in evaporation due to warming. This effect increases simulated runoff in earlier Met Office Hadley Centre models (Betts et al., 2007) .
Overall, the patterns of projected river flow change are consistent with previous projections (Nohara et al., 2006; Kundzewicz et al., 2007) , although in some regions the range of potential changes is large. The approach used here, of simulating runoff within the GCM fully consistently with the climate simulations, may be useful in narrowing the range of uncertainty by excluding future projections in which climate and hydrological changes are inconsistent. It will be particularly instructive to compare with studies which use the meteorological outputs of HadGEM2-ES to drive separate hydrological models. One such opportunity is provided by comparing against the result of Arnell and Lloyd-Hughes (2012) who used HadGEM2-ES meteorological outputs as inputs to the MacPDM hydrological model (Gosling et al., 2011) , which calculates evapotranspiration, runoff, and river flow. Arnell and Lloyd-Hughes (2012) found MacPDM to simulate decreased runoff over a greater proportion of the global land surface than increased runoff by 2050, and for the ratio of decreased to increased runoff area to be greater under higher emissions scenarios (Table 3) . MacPDM is therefore simulating an increased tendency towards drier conditions at the global scale when driven by HadGEM2-ES climate change. However, runoff results direct from HadGEM2-ES itself suggest the opposite; HadGEM2-ES, simulates increased runoff over a greater proportion of the land surface, and the ratio of increased to decreased runoff area generally increases at under higher emissions scenarios. HadGEM2-ES itself is therefore simulating an increased tendency towards wetter conditions. This may provide important context for other assessments of hydrological impacts of climate change using HadGEM2-ES meteorological outputs.
It is important to note that this analysis has focussed only on annual mean river flow changes, but impacts may also depend on shifts in seasonality. 
Discussion
The impacts of climate change on global-scale terrestrial ecosystems simulated by HadGEM2-ES are generally consistent with previous projections, particularly regarding a poleward shift of temperate and boreal ecosystems. A key difference compared to the previous Met Office Hadley Centre Earth system model HadCM3LC is the lack of climatedriven Amazon forest dieback in HadGEM2-ES, mainly due to differences in the regional climate change simulated over Amazonia and also differences in the TRIFFID vegetation model. Other vegetation models also simulated largescale forest loss under the climate changes projected by the HadCM3 family of models (Lapola et al., 2009) , indicating that the main cause of simulated forest loss was the regional climate change in HadCM3LC as opposed to an oversensitive response by TRIFFID. Other climate models had not produced such a die back result (Lapola et al., 2009) , so HadGEM2-ES agrees more with the wider set of modelling studies than its predecessor. Vegetation-climate feedbacks played a role in magnifying the loss of Amazon forest in HadCM3LC , but in HadGEM2-ES such feedbacks do not have the opportunity to play a role because the climate change and vegetation response are not sufficient to initiate the dieback.
In some ways, HadGEM2-ES also generally agrees with previous projections in simulating increased runoff in northern North America northern Asia and the Indian subcontinent, and decreased runoff in Europe. However, there are important differences, especially when compared to another hydrological model driven by HadGEM2-ES meteorological outputs. In terms of the relative proportions of global land undergoing either increased or decreased runoff, HadGEM2-ES projects a dominance of wetting conditions (more area with increased runoff) and this wetting becoming greater under higher emissions scenarios. In contrast, the MacPDM hydrological model driven by HadGEM2-ES meteorology projects a dominance of drying conditions which becomes greater with higher emissions. From this it is not possible to assess whether MacPDM is either more or less realistic than the HadGEM2-ES land-surface scheme in terms of its response to a particular climate change, so it not clear whether a wetting or drying trend is more realistic. However, it seems inevitable that the evaporation simulated by MacPDM will be inconsistent with that simulated by HadGEM2-ES, and hence the hydrological cycle will not be conserved in the HadGEM2-ES-MacPDM results, and indeed water will be "lost" from the system; greater runoff decreases in MacPDM compared to HadGEM2-ES imply greater evaporation in MacPDM, but this is not adding to the precipitable water in HadGEM2-ES so is not allowing for increased precipitation as might be the case if MacPDM were the landsurface scheme of HadGEM2-ES. This may therefore indicate that the extent of decreased runoff in MacPDM driven by HadGEM2-ES should be treated with some caution, as HadGEM2-ES may not have simulated such large precipitation decreases if using evaporation from MacPDM. However, this is a preliminary conclusion and requires further investigation.
The dominance of land use over climate change as a driver of large-scale ecosystem impacts is an important result. Since the vegetation responses to climate are similar in all RCPs, including the aggressive mitigation scenario RCP2.6, this appears to imply that climate change mitigation policies may have little effect on reducing the impact of climate change on global biome distributions, at least within this century. A greater impact on global vegetation cover appears to come from the direct effects of anthropogenic land use, especially when land use is used as a tool for climate change mitigation. This may indicate that greater impacts on global-scale vegetation cover may arise from the use of the land in attempting to avoid climate change than from the impacts of climate change itself.
However, if the simulated FFDI changes are realistic then this may imply potential impacts of climate change on ecosystems that are very different to those simulated directly by HadGEM2-ES on the basis of plant physiological processes alone. The potential for changes in meteorological fire danger, and hence ecosystem disturbance regimes, appears to be larger under higher emissions scenarios. In the absence of increasing anthropogenic disturbance, HadGEM2-ES simulates increased forest cover in many regions, but this may be inconsistent with an annual mean increase in FFDI which would seem to indicate a general increased risk of wildfire and hence a change in the disturbance regime. In particular, in regions where human disturbance is already present or projected to increase under the RCP land use scenarios, this may affect rates of ignition and hence increase the probability of fire-supporting weather conditions resulting in actual fires. For example, in Amazonia and Indonesia, major droughts have led to increased wildfire impacts originating from deforestation activity -while humans provided the ignition source, weather conditions facilitated greater fire spread. In the temperate and boreal regions, studies with other mod- els also project an increase in fire risk in temperature and boreal regions due to climate change (Kloster et al., 2012; Moritz et al., 2012) . However, there is less agreement on the sign of projected change in fire risk in the tropics, with increased fire risk projected with some other models (Kloster et al., 2012) but decreased fire risk projected with several others (Moritz et al., 2012) . Further investigation is required to assess whether these differences arises from the climate models or different fire metrics. However, on the basis of these preliminary results, it seems appropriate to investigate the role of fire in ecosystem disturbance in modifying the vegetation cover change projections in Earth system models. As well as affecting ecosystem responses to climate and land use change, changes in fire regime may also feed back on climate through emissions of CO 2 and aerosols.
Conclusions
The impacts of climate change on global-scale terrestrial ecosystems and river flows simulated by HadGEM2-ES are generally consistent with previous projections, and the lack of climate-driven dieback in the Amazon forest means that projected ecosystem impacts are now more consistent with other models than with the previous Met Office Hadley Centre model. An important difference between the balance of projected wetting and drying in HadGEM2-ES compared to one hydrological model driven by HadGEM2-ES meteorology is noted, illustrating the importance of consistency between land hydrological processes and the overlying climate change. HadGEM2-ES projects a greater proportion of the global land surface to undergo increased runoff than decreased runoff, especially at higher emissions scenarios.
The approach of prioritising full internal consistency within the climate system may make the projected changes more plausible in terms of maintaining conservation in the water cycle and consistency between land-surface processes and the overlying atmosphere. However in some cases this may be at the cost of realistic baseline states at the presentday, due to systematic biases in climate models. Further work is required to address the relative potential importance of these issues; nevertheless, as improvements in climate mod- elling continue, regional biases in climate simulations can be expected to continue to decrease, so this may become less of a concern in future. The present study will be useful for comparison against other projections of impacts of climate change using separate models driven by meteorological outputs of HadGEM2-ES and other Earth system models (e.g. Friend et al., 2014; Schewe et al., 2014) . Since HadGEM2-ES is part of the CMIP5 multi-model ensemble, a number of such studies can be expected to become available in the near future.
Meteorologically-defined wildfire risk is projected to increase in all regions under our HadGEM2-ES projections; previous studies draw similar conclusions in the temperate and boreal regions (Moritz et al., 2012; Kloster et al., 2012) but vary between projecting increased (Kloster et al., 2012) and decreased (Moritz et al., 2012) fire risk in the tropics. Such studies are few in number so assessment against a previous consensus is difficult. This may have implications for the projections of ecosystem change, since wildfire is not included as an impact on vegetation in HadGEM2-ES. The importance of different emissions scenarios, as expressed with the RCPs, varies according to region and which impact is examined. In some regions, river flow changes (either increases or decreases) become larger with increased global warming, but in other regions there is no clear relationship with global mean temperature. Global ecosystem responses to climate change appear to be similar in all RCPs until 2100; however, meteorologically-defined fire risk increased more with higher levels of global warming. In the model, the dominant impact on large-scale ecosystem distribution arises from the direct effects of land use change, and the greatest impact occurs in the scenario in which land use change is large due to the use of bioenergy for climate change mitigation. Hence, in this Earth system model, some of the impacts of climate change are reduced by following scenarios of low emissions, but the use of land use change in achieving very low emissions itself exerts major impacts. In this model, and within this century, the different impacts on ecosystems between the RCPs arises much more from differences in land use than from different levels of global warming. Clearly this potentially has major implications for the costs and benefits of climate mitigation policy, so further investigation of these issues with independent models and methods is recommended.
